Active centromeres are defined by the presence of nucleosomes containing CENP-A, a histone H3 variant, which alone is sufficient to direct kinetochore assembly. Once assembled at a location, CENP-A chromatin and kinetochores are maintained at that location through a positive feedback loop where kinetochore proteins recruited by CENP-A promote deposition of new CENP-A following replication. Although CENP-A chromatin itself is a heritable entity, it is normally associated with specific sequences. Intrinsic properties of centromeric DNA may favor the assembly of CENP-A rather than H3 nucleosomes. Here we investigate histone dynamics on centromere DNA. We show that during S phase, histone H3 is deposited as a placeholder at fission yeast centromeres and is subsequently evicted in G2, when we detect deposition of the majority of new CENP-A Cnp1 . We also find that centromere DNA has an innate property of driving high rates of turnover of H3-containing nucleosomes, resulting in low nucleosome occupancy. When placed at an ectopic chromosomal location in the absence of any CENP-A Cnp1 assembly, centromere DNA appears to retain its ability to impose S phase deposition and G2 eviction of H3, suggesting that features within centromere DNA program H3 dynamics. Because RNA polymerase II (RNAPII) occupancy on this centromere DNA coincides with H3 eviction in G2, we propose a model in which RNAPII-coupled chromatin remodeling promotes replacement of H3 with CENP-A Cnp1 nucleosomes.
In Brief Shukla et al. show that histone H3 is transiently deposited as a placeholder in centromeric chromatin during S phase and subsequently replaced by new centromere-specific CENP-A Cnp1 during G2. Eviction of H3 coincides with RNAPII recruitment, suggesting that transcription-coupled events may be involved.
SUMMARY
Active centromeres are defined by the presence of nucleosomes containing CENP-A, a histone H3 variant, which alone is sufficient to direct kinetochore assembly. Once assembled at a location, CENP-A chromatin and kinetochores are maintained at that location through a positive feedback loop where kinetochore proteins recruited by CENP-A promote deposition of new CENP-A following replication. Although CENP-A chromatin itself is a heritable entity, it is normally associated with specific sequences. Intrinsic properties of centromeric DNA may favor the assembly of CENP-A rather than H3 nucleosomes. Here we investigate histone dynamics on centromere DNA. We show that during S phase, histone H3 is deposited as a placeholder at fission yeast centromeres and is subsequently evicted in G2, when we detect deposition of the majority of new CENP-A Cnp1 . We also find that centromere DNA has an innate property of driving high rates of turnover of H3-containing nucleosomes, resulting in low nucleosome occupancy. When placed at an ectopic chromosomal location in the absence of any CENP-A Cnp1 assembly, centromere DNA appears to retain its ability to impose S phase deposition and G2 eviction of H3, suggesting that features within centromere DNA program H3 dynamics. Because RNA polymerase II (RNAPII) occupancy on this centromere DNA coincides with H3 eviction in G2, we propose a model in which RNAPII-coupled chromatin remodeling promotes replacement of H3 with CENP-A Cnp1 nucleosomes.
INTRODUCTION
Centromeres are the defined locations on chromosomes where kinetochores are assembled and that ensure accurate chromosome segregation. In many species, centromere chromatin is distinguished by the presence of CENP-A (also known as cenH3; CID in Drosophila, Cse4 in Saccharomyces, and Cnp1 in Schizosaccharomyces), a histone H3 variant, which substitutes for canonical H3 in specialized nucleosomes that form the foundation for kinetochore assembly [1] . The point centromeres of budding yeast (Saccharomyces cerevisiae) are unusual in that they are entirely DNA sequence dependent, because sequence-specific DNA-binding proteins direct CENP-A Cse4 and kinetochore assembly [2] . In contrast, regional eukaryotic centromeres (human, fruit fly, plant, fission yeast) assemble CENP-A nucleosomes across extensive DNA regions that are often repetitive [3] . CENP-A is critical in defining where kinetochores are assembled, because its artificial recruitment to non-centromeric chromosomal locations is sufficient to mediate kinetochore assembly [4] [5] [6] . Centromere position is normally stable; however, deletion of a normal centromere can allow neocentromere formation at unusual chromosomal locations [7] [8] [9] . Moreover, dicentric chromosomes with two centromeres can be stabilized by the inactivation of one centromere without DNA loss [10, 11] . Such observations indicate that CENP-A incorporation and thus centromere positioning exhibits epigenetic plasticity [12, 13] .
Overexpression of CENP-A allows its incorporation at novel locations, but the low frequency of kinetochore assembly suggests that several CENP-A nucleosomes may be required [14, 15] . Despite the flexibility associated with CENP-A and thus centromere location, neocentromeres are rare and centromeres usually remain associated with specific DNA sequences [3, 7, 8, 16, 17] . However, despite the conservation of CENP-A and many kinetochore proteins, underlying centromeric DNA is highly divergent [18] . Nevertheless, these centromere sequences allow de novo CENP-A and kinetochore assembly following their introduction as naked DNA into cells [19, 20] . Such analyses indicate that centromere DNA is a preferred substrate for CENP-A assembly. The CENP-B DNA-binding protein somehow designates mammalian satellite repeats for CENP-A assembly. However, the mechanisms that promote assembly of CENP-A rather than H3 nucleosomes remain largely unknown [20] .
During replication, parental nucleosomes are distributed to both sister chromatids, and new nucleosomes assemble in the resulting gaps by a replication-coupled process. Consequently, half of the histones in nucleosomes on G2 chromatids represent ''old,'' pre-existing subunits, whereas the other half are newly synthesized histones incorporated during replication [21] . Measurements at vertebrate and Drosophila centromeres indicate that CENP-A levels are reduced by half during replication [22, 23] . Thus, CENP-A must be replenished each cell cycle outside S phase. Various analyses reveal that in contrast to canonical H3, new CENP-A is incorporated in a replication-independent process confined to a specific portion of the cell cycle. The timing of CENP-A incorporation varies between organisms, cell types, and developmental stages. In mammalian cultured cells and Drosophila somatic tissues, new CENP-A is deposited at centromeres in late telophase/early G1 [24, 25] . However, new CENP-A CID is incorporated at Drosophila centromeres in cultured cells at metaphase and during anaphase in early embryos [23, 26] , whereas it is loaded during G2 in plant tissues [27] . Such studies reveal that some cell types initiate chromosome segregation with a full complement of CENP-A at centromeres, whereas others carry only half the maximal amount and replenish CENP-A levels only after mitotic entry, between metaphase and G1. Nevertheless, the key shared feature is that new CENP-A incorporation is temporally separated from bulk H3 chromatin assembly during S phase. From S phase until the time of new CENP-A deposition, placeholder H3 nucleosomes might be temporarily assembled in place of CENP-A, or gaps completely devoid of nucleosomes may be generated at centromeres [3, 28, 29] . Analysis of human centromere chromatin fibers suggested that H3.3 is deposited as a placeholder in S phase that is later replaced by new CENP-A [30] . However, such repetitive centromeres lack specific sequence landmarks, making precise interpretation difficult, while the cell-cycle dynamics of H3 relative to CENP-A have not been explored in substantial detail at other more tractable regional centromeres. Moreover, cell-cycle-specific replacement of H3 with CENP-A nucleosomes may be directly associated with HJURP/Mis18-mediated CENP-A deposition [31] [32] [33] . Alternatively, processes such as transcription, known to induce histone exchange [34] , might aid CENP-A deposition by facilitating H3 eviction prior to or coincident with CENP-A deposition. Indeed, transcription has been observed at centromeres and is implicated in CENP-A deposition in several systems [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Once established, CENP-A chromatin has an innate ability to self-propagate through multiple cell divisions. Such persistence is ensured by associated factors that recognize pre-existing CENP-A nucleosomes and mediate assembly of new CENP-A particles nearby [46] [47] [48] . However, the features that distinguish normal centromere DNA as being the preferred location for de novo CENP-A chromatin assembly remain unknown, although DNA-binding factors such as CENP-B appear to be involved [20] .
Fission yeast, Schizosaccharomyces pombe, centromeres are regional and have a distinct experimental advantage in that CENP-A Cnp1 nucleosomes and kinetochores are assembled over specific central domains of 10 kb that are flanked by H3K9me heterochromatin repeats [49, 50] . The unique central CENP-A domain of cen2 allows detailed analyses unhampered by problematic repetitive centromere DNA [19, 51] . Initial microscopic and genetic analyses indicated that cell-cycle loading of fluorescently tagged CENP-A at the S. pombe centromere cluster is either biphasic, occurring both in S phase and G2 [52] , or mid-late G2 [53] . However, the dynamics of CENP-A, H3, and RNA polymerase (RNAP)II association have not been examined throughout the cell cycle at an individual specific centromere sequence in any system.
Here we demonstrate that histone H3 is incorporated at S. pombe centromeres during S phase, where it serves as an interim placeholder prior to its replacement by new CENP-A during G2. This cell-cycle-regulated program occurs independent of CENP-A and kinetochore assembly, because H3 exhibits similar cell-cycle dynamics on ectopically located centromere DNA, devoid of CENP-A. Moreover, ectopic centromere DNA exhibits intrinsically low H3 nucleosome occupancy and rapid nucleosome turnover. Thus, H3 nucleosomes assembled on centromere DNA are intrinsically unstable. Elongating RNAPII transiently accumulates on this centromere DNA during G2, coincident with the time of H3 eviction. We propose that centromeric DNA drives a program of cell-cycle-coupled events ensuring the sequential and temporally regulated deposition of H3, followed by its replacement with CENP-A resulting in its replenishment. Similar RNAPII transcription-coupled events may contribute to the replacement of H3 with CENP-A on centromeric DNA in other eukaryotes.
RESULTS

New CENP-A
Cnp1 Is Deposited at Centromeres during G2
Previous single-cell analyses indicated that CENP-A Cnp1 levels at S. pombe centromeres decline during replication and are replenished during G2 [53] , whereas genetic analyses suggested that incorporation occurs during both S and G2 phases [52] . Figures 1A and S1 ). After release from G2 (36 C/25 C shift), the majority of the cell population underwent synchronous cell division as indicated by a peak in septated cell frequency (cytokinesis; 71%) after 65 min ( Figure 1B) . G1 is very short in S. pombe and S phase coincides with cytokinesis, which is followed immediately by the next G2 [56] .
Quantitative chromatin immunoprecipitation (qChIP) analyses at several positions across the central domains (cc1, cc2) at centromeres 1 and 2 (cen1, cen2) revealed a drop in old CENP-A Cnp1 -HA levels during S phase, consistent with its dilution by distribution to both sister centromeres ( Figures 1A, 1B Alternatively, H3-containing nucleosomes may be assembled as temporary placeholders at centromeres during S phase by replication-coupled mechanisms. Figure 3A ). This non-centromeric signal was exclusive to T50 and did not represent background or an artifact introduced by our analysis. Indeed, in an independent approach, transient incorporation of GFP-CENP-A Cnp1 was detected by qChIP prior to two sequential S phases (T20 and T180) within three genes (septation/S phase starts at T60 and T210; Figure 3D ).
CENP-A Profiles Reveal Widespread Deposition and Distinct States during the Cell Cycle
Histone H3 Is Deposited at Centromeres in S Phase and Evicted during G2
In many eukaryotes, CENP-A incorporation is temporally separated from replication. A placeholder model predicts that H3 should increase at S. pombe centromeres during S phase and decline when CENP-A is deposited in G2, whereas H4 levels should remain constant. Conversely, a gap-filling model predicts , and H4 levels at cc2 in cdc25-22 synchronized cells by qChIP ( Figures 4B-4E ). Consistent with a placeholder model, H3 levels over cc2 increased during S phase (T80), declined throughout G2 (T100-T180), and rose again as cells entered a second S phase (T210; Figure 4C ). Reciprocally, centromeric GFP-CENP-A Cnp1 levels increased in G2-released cells (T20-T40), declined during S phase (T80), but rose again to maximal levels during G2, coincident with H3 removal (T100-T180). GFP-CENP-A Cnp1 levels decreased again as centromeres replicate early in the next S phase (T210; Figure 4D ). Importantly, H4 levels, reporting total nucleosome occupancy, remained relatively constant throughout the time course, further suggesting G2-specific H3/CENP-A Cnp1 exchange ( Figure 4E ).
Note that variation in synchronization between experiments unavoidably leads to differences in the timing of events between experiments presented here and throughout this study; however, the overall dynamics relative to cell-cycle phases are consistent. Furthermore, comprehensive ChIP-nexus analyses of histones H3 and H4 for representative G1-M, S, and G2 phase samples (Figures 4F and S4) confirmed that H3 association across the central domain of all three centromeres (cc1, cc2, cc3) increases in S phase and subsequently declines in G2. In contrast, H3 association with gene bodies (i.e., open reading frames; ORFs), intergenic regions, and RNAPII promoter-associated nucleosome-depleted regions (NDRs) was unaltered by cell-cycle phase, and H4 levels were similar at centromeres and elsewhere at all cell-cycle phases.
To verify the timing of H3 deposition, we RITE-tagged one (hht2 + /H3.2) of the three genes encoding identical canonical histone H3 proteins. All three S. pombe histone H3 proteins (H3.1, H3.2, H3.3) assemble into chromatin during replication; there is no exclusively replication-independent H3 equivalent to the metazoan H3.3 variant [57] . Thus, H3.2-RITE provides a tracer for the dynamics of all H3. In cdc25-22/G2-blocked cells all pre-existing old histone H3.2 will be T7 tagged and, following T7/HA tag swap induction during the G2 block, all new H3.2 will be HA tagged ( Figure 4G) .
By the end of S phase (T150, after septation peak), qChIP revealed that old H3.2-T7 levels drop within centromeres and on the constitutively expressed act1 + gene ( Figure 4H ). This decline must represent the distribution of parental H3.2-T7 nucleosomes to sister chromatids. New H3.2-HA accumulated within centromeric cc2 during S/early G2 (T90-T150) but declined during mid-late G2 ( Figure 4H ). The loss of this new H3.2-HA coincided with the time when most new CENP-A Cnp1 deposition was detected within centromeres ( Figure 1 ) and when total centromere-associated GFP-CENP-A cnp1 was found to increase (Figure 4D ). No such reduction in H3.3-HA levels was observed on the act1 + gene during G2; instead, new H3.2-HA was incorporated during replication and remained in place throughout the following G2 ( Figure 4H ). ChIP for H3 on the same samples confirmed that total H3 increased on centromeric cc2 during S phase but subsequently declined in G2, whereas little overall cell-cycle change occurred on act1 + ( Figure 4H ).
Together, these analyses show that H3 accumulates within the CENP-A Cnp1 -containing regions of centromeres during S phase but is later removed during G2. New CENP-A Cnp1 is incorporated within these centromeric regions during G2, coincident with H3 removal. We conclude that H3 nucleosomes assembled within centromeres during S phase serve as temporary placeholders that are replaced by CENP-A Cnp1 nucleosomes during G2. core DNA (cc1) so that ectopic cc2 (ura4:cc2) is the only copy of this element ( Figure 5A [37, 38] ). qChIP on asynchronous cells confirmed that ectopic ura4:cc2 was completely devoid of CENP-A Cnp1 and assembled in H3 chromatin, albeit at low levels relative to act1 + ( Figure 5B ). Remarkably, qChIP on cdc25-22 synchronized cells revealed that, as at endogenous centromeres (cc1), H3 accumulated on ectopic ura4:cc2 DNA (cc2) during S phase (T60-T100) but subsequently decreased during G2 (T90-T150; Figure 5C ). H3 levels rose again during the next S phase (T210). We conclude that innate properties of central domain DNA promote H3 nucleosome assembly during S phase and their later removal during G2. sequences may be inherently unstable.
We next compared the steady-state levels of H3 and H4 associated with native cen2-cc2, ectopic ura4:cc2, and with gene bodies, intergenic regions, and promoter-associated NDRs using ChIP-nexus [60] . As expected, only low levels of H3 were detected over the central domains of endogenous centromeres (cc1, cc2, cc3), where most H3 is replaced by CENP-A Cnp1 ( Figure 5D ). In contrast, H4 (a component of H3
and CENP-A Cnp1 nucleosomes) levels throughout centromeric central domains and gene bodies were equivalent. Remarkably, significantly lower levels of H3 and H4 were detected at ectopic ura4:cc2 DNA, similar to those within intergenic regions and NDRs. These analyses suggest that H3 nucleosome assembly is strongly disfavored on ectopic ura4:cc2, whereas CENP-A Cnp1 nucleosomes exhibit greater stability on cc2 DNA within a functional centromere.
We next utilized H3.2-RITE to measure H3 turnover on ectopic ura4:cc2 in comparison to heterochromatic repeats and highly transcribed genes in G2-arrested cells. The H3.2-HA/T7 tag swap was induced in cdc25-22/G2-arrested cells and new histone H3.2-T7 incorporation was monitored (Figure 5E ). As expected, only low levels of new H3-T7 were incorporated into heterochromatin, where histone turnover is low [61, 62] . Similarly, the turnover of H3 nucleosomes within cc1 at endogenous cen1 was also low, presumably because most H3 nucleosomes were replaced by CENP-A Cnp1 during G2.
Consistent with transcription-coupled nucleosome exchange, high levels of new H3-T7 were incorporated into chromatin associated with the highly expressed act1 + , pyk1 + , and spd1 + genes after 1 and 2 hr. Intriguingly, high levels of new H3-T7 were detected on ectopic ura4:cc2 after just 1 hr, indicating extensive H3 turnover. These data suggest that central domain DNA may render assembled H3 nucleosomes unstable so that they are continually displaced, resulting in low nucleosome occupancy.
RNAPII Accumulates on Centromere DNA Coincident with H3 Removal
Transcription has been implicated in the deposition of CENP-A at centromeres [44, 45] , and defective RNAPII elongation is known to enhance CENP-A Cnp1 deposition on naive cc2 DNA in S. pombe [37, 38] . Indeed, western analysis indicates that elongating RNAPII-S2P (serine 2 phosphorylated) is present in affinity-selected GFP-CENP-A Cnp1 chromatin ( Figure 6A ). To determine whether transcription, H3 turnover, and CENP-A Cnp1 deposition on cc2 DNA might be coupled, we performed ChIPseq for elongating RNAPII on synchronized cells carrying ectopic ura4:cc2. The cyclical association of RNAPII-S2P with known cell-cycle-regulated genes in synchronized cultures confirmed that we detect the cell-cycle-regulated engagement of RNAPII-S2P ( Figure S5A ). In G2-blocked cells (T0), relatively high levels of elongating RNAPII were detected on ectopic ura4:cc2 ( Figures 6B, S5B , and S5C). However, upon release into the cell cycle, associated RNAPII-S2P rapidly declined to a minimum (T40) prior to S phase and accumulated again during G2 (T80-T120; Figure 6C) . RNAPII-S2P qChIP at several locations across ura4:cc2 confirmed that elongating RNAPII occupancy falls in advance of S phase (T40), increases during G2 (T100-T140), and again decreases to a minimum before the next S phase (T160-T180; Figure 6D) . Thus, elongating RNAPII reaches maximal levels on ectopic ura4:cc2 during G2 when H3 is removed ( Figure 5C ), suggesting that transcriptional elongation may be involved in H3 removal. At endogenous CENP-A Cnp1 -coated cc1 and cc2, RNAPII-S2P also rises during G2 (T120-T140; Figures 6F and S5D ), coincident with loss of H3 ( Figures 6G and S5E) . The cell-cycle RNAPII-S2P association profile on centromeric cc1 and cc2 is confounded by a more dominant RNAPII-S2P peak during mitosis ( Figure 6F ). The mitotic recruitment of RNAPII appears to be conserved but is likely to be functionally distinct from the RNAPII-S2P that is coupled to CENP-A dynamics [41, 63] . This M phase RNAPII-S2P peak is probably kinetochore imposed, as it was not detected on ectopic ura4:cc2. The increase in RNAPII-S2P at endogenous centromeres during G2 is clearly less conspicuous than that detected at ectopic cc2 (see Discussion). Regardless, RNAPII-S2P recruitment appears to increase at both endogenous centromeres and ectopic cc2 during G2, when H3 levels decline but CENP-A levels increase.
Marker genes inserted in central domains of S. pombe centromeres become assembled in CENP-A Cnp1 chromatin [64] . To determine whether marker genes also acquire other central domain properties, RNAPII-S2P and H3 levels associated with a promoter-attenuated arg3 + gene inserted in cc1 of cen1
were analyzed throughout the cell cycle ( Figure 6E  [65] ). Whereas arg3 + at its endogenous location showed a relatively flat H3 cell-cycle profile and an RNAPII peak in M-G1 consistent with its known cell-cycle regulation (Figures 6H and 6I [66] ), cc1:arg3 + displayed distinctly different H3 and RNAPII-S2P profiles, mirroring that of flanking cc1 centromeric chromatin ( Figures 6F and 6G) . Thus, the normal arg3 + gene H3 chromatin dynamics appear to be overridden by a program imposed by surrounding central domain chromatin: the unremarkable H3 cellcycle pattern on arg3 + is converted to a ''placeholder'' pattern, where H3 incorporation rises in S phase and falls dramatically in G2, accompanied by a distinctive RNAPII-S2P profile. Our analysis suggests that central domain DNA from S. pombe centromeres may program transcription-coupled H3 nucleosome destabilization during G2, resulting in their replacement with CENP-A Cnp1 -containing nucleosomes when a sufficient route of CENP-A Cnp1 supply is available.
DISCUSSION
To understand more fully how CENP-A Cnp1 chromatin domains are established and propagated on particular sequences across multiple generations, we focused on the cell-cycle dynamics of S. pombe centromere-associated chromatin. RITE tag swap experiments allowed us to determine that most new CENP-A Cnp1 is incorporated at S. pombe centromeres during G2. Our analyses also conclusively demonstrate that histone H3 is deposited as a temporary placeholder during S phase. Importantly, these measurements pinpoint a specific window in G2 where H3/ CENP-A Cnp1 nucleosome exchange occurs. In addition, we show that the CENP-A Cnp1 chromatin profile is highly dynamic, exhibiting stage-specific patterns throughout the cell cycle. Strikingly, we find that ectopically located centromere DNA assembles inherently unstable H3 nucleosomes that exhibit high turnover rates, and during replication this DNA also directs elevated incorporation of H3 nucleosomes that are evicted in the following G2 when elongating RNAPII is recruited. Because the ectopic cc2 insert is 8.5 kb in length, it thus seems unlikely that the observed dynamics are influenced by flanking noncentromeric chromatin. Together, our analyses support a model in which centromere DNA possesses inherent properties that may drive a sequence-directed cell-cycle-regulated program that promotes H3 nucleosome assembly in S phase and subsequent eviction in G2 allowing the incorporation of new CENP-A Cnp1 nucleosomes (Figure 7 ).
The cell-cycle timing of new CENP-A loading at centromeres varies between organisms; however, a conserved feature is that new CENP-A incorporation is uncoupled from replication, when most new H3 chromatin assembly occurs [23] [24] [25] [26] [27] . Key components required for CENP-A chromatin maintenance at human centromeres (Mis18 complex, Mis18BP1 KNL2 , HJURP) are recruited to centromeres in a temporally restricted manner prior to, or coincident with, new CENP-A deposition [5, 67, 68] . How- RNAPII recruited during G2 facilitates H3 nucleosome disassembly.
ever, Mis18 and Scm3 HJURP remain associated with S. pombe centromeres throughout most of the cell cycle, apart from a brief period in mitosis [33, 58] . Thus, S. pombe centromeres might be more generally competent for new CENP-A Cnp1 deposition throughout the cell cycle.
It was therefore critical to specifically distinguish old parental CENP-A Cnp1 from newly synthesized CENP-A Cnp1 at individual centromeres. Previous studies have suggested either biphasic (both S and G2) or G2-specific replenishment of S. pombe CENP-A Cnp1 and relied on microscopic measurement at the centromere cluster rather than association with chromatin [52, 53] . RITE tagging allowed detailed examination of the behavior of both old and new CENP-A Cnp1 at specific centromeres. ) is known to be expressed prior to the peak of canonical histone gene expression in advance of S phase ( Figure S2B [54 [51, 71] . The embedded features that identify centromere DNA for efficient CENP-A assembly involve DNA-binding factors such as CENP-B and processes such as transcription [20, 35, 36, [39] [40] [41] [42] [43] [44] [45] . Transcription is a potent chromatin remodeling mechanism and is coupled to histone exchange; new histone H3.3 is deposited within transcribed genes and H2A is exchanged for the variant H2A.Z in the highly dynamic NDR promoter-proximal nucleosomes of many organisms [72] . Our finding that elongating RNAPII-S2P increases on S. pombe centromere DNA simultaneous with H3 eviction and CENP-A Cnp1 incorporation is compatible with a model where transcription-coupled remodeling events define this centromeric DNA by driving H3/ CENP-A exchange. Indeed, RNAPII is known to be an excellent nucleosome disassembly and remodeling machine [73, 74] . Consistent with a role of transcription in facilitating CENP-A Cnp1 incorporation, there is a high density of transcriptional start sites within centromere DNA that may promote pervasive low-quality transcription [38] . Elongating RNAPII was found to increase at both endogenous centromeres and on ectopically located central domain DNA (ura4:cc2) during G2. Ectopic cc2 DNA lacks CENP-A Cnp1 , so that all associated nucleosomes contain H3. In contrast, at centromeres, when this same cc2 DNA enters G2, it is assembled in chromatin in which approximately half the nucleosomes are placeholder H3 and the other half are CENP-A. The CENP-A N-terminal tail is distinct from that of H3 and lacks key lysine residues (K4, K36) whose modification in H3 aids transcription. Indeed, CENP-A nucleosomes inhibit transcription in vitro [75] . Therefore, the lower elongating RNAPII levels on centromeric cc2 compared to ectopic cc2 may be a consequence of CENP-A nucleosomes impeding transcription. The more easily detected elongating RNAPII on H3 chromatin-coated ectopic cc2 centromere DNA during G2 may represent an extreme version of the G2 events that normally occur on centromerelocated cc2. It seems likely that limited RNAPII transcriptioncoupled turnover also contributes to H3/CENP-A exchange at endogenous centromeres.
Several studies indicate that centromeric DNA is transcribed and linked with CENP-A deposition [44, 45] . It remains unclear whether the act of transcription, the resultant non-coding RNAs, or both are involved in promoting CENP-A assembly. Recent analysis indicates that human a satellite transcripts participate in CENP-A incorporation at centromeres and RNAPII-mediated transcription promotes CENP-A incorporation at Drosophila centromeres. Fission yeast central domain transcripts are exosome degraded, and consequently they are short lived and undetectable in wild-type cells [36] . However, we show that elongating RNAPII is clearly recruited to centromere DNA in G2 at the time of H3/CENP-A exchange. As at promoter-associated NDRs, fission yeast centromeric DNA has an intrinsic ability to recruit elongating RNAPII and destabilize H3 nucleosomes in a cell-cycle-regulated manner. Such embedded features may earmark these sequences for CENP-A Cnp1 incorporation.
Redundant processes are likely to mediate de novo assembly and maintenance of CENP-A on centromere DNA in order to ensure efficient and robust kinetochore formation. Different organisms may place more emphasis on different component processes involved in ensuring CENP-A chromatin assembly, but it seems likely that the inherent properties we have uncovered within fission yeast centromere DNA are also shared with transcribed centromeric DNA of other organisms. Despite the challenge of precisely assessing RNAPII engagement and histone dynamics at centromeres composed of highly repetitive DNA, it is now important to determine whether centromere DNA from other organisms also has an innate capacity to drive H3 eviction.
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